INTRODUCTION
Over 165 occupational carcinogens have been identified by the International Agency for Research on Cancer (IARC). 1 In addition, 18 occupations (eg, painter) or exposure circumstances (eg, firefighting) have been associated with an excess risk of cancer. Exposures to these carcinogens contribute significantly to the burden of cancer, with a recent study in the UK estimating that 8.2% of all cancers in men and 2.3% in women were related to occupation. 2 Occupational exposures are of particular concern as, unlike lifestyle exposures such as diet and alcohol, they are encountered involuntarily and are commonly of greater magnitude than exposures in the general environment. 3 Such exposures are also more likely to be amenable to risk reduction by implementing controls in the workplace rather than by changing individual behaviour. 4 Past studies of workplace exposures have contributed greatly to our understanding of carcinogens and cancer aetiology. 5 However, significant knowledge gaps still exist regarding the actual extent of exposure among workers in many countries, including Australia, as well as the trends in exposure over time. National exposure surveillance is not widely carried out in Australia, meaning that routinely collected population-based data concerning the prevalence and extent of exposure are not available. 6 Those studies that have investigated the prevalence of occupational exposure have generally focused on specific exposures (eg, benzene) 7 or particular high-risk industries (eg, aluminium production industry), 8 rather than investigating a range of occupational exposures across the whole working population. This means that the carcinogens encountered by workers in other industries (eg, prevalence of diesel exposure among farmers) and from unstudied carcinogenic agents have likely been underestimated. 9 Additionally, many studies have relied on job title alone as an indicator of exposure, despite the probability of considerable variability in exposure within the same job title or occupation. 10 Editor's choice Scan to access more free content
What this paper adds ▸ There exist significant knowledge gaps with regard to the extent of occupational exposure to carcinogens among workers in many countries. ▸ Information regarding the prevalence of occupational exposure is necessary in order to target prevention efforts and understand patterns of exposure, as well as to estimate the burden of occupational cancer arising from these exposure. ▸ This study provides evidence that the overall prevalence of exposure to occupational carcinogens among Australian workers is of concern. ▸ Patterns of exposure differ across occupational and demographic groups, with those most at risk of exposure being male workers residing in regional areas.
In the USA, national occupational exposure data based on site visits to industrial facilities are available through the National Occupational Exposure Survey 11 ; however, these data have not been updated since 1990. In addition, national exposure databases using the CARcinogen EXposure (CAREX) model are available in Canada, 12 Finland 13 and Costa Rica. 14 The extent to which these exposure assessments can be applied to workers in other countries is unclear, particularly where the exposure circumstances are clearly different. For example, estimates of solar ultraviolet radiation exposure obtained from Finland 15 are likely to result in an underestimate of exposure when applied to Australia. In addition, the carcinogenic agents to which workers may feasibly be exposed vary between countries, with differences in, for example, manufacturing processes and legislation concerning the use of certain chemicals.
An alternative, more standardised exposure assessment method that may be used in large-scale, community-based studies is the job exposure matrix ( JEM). These matrices assign exposures based on a cross tabulation of job titles and agents, with the measure of exposure being dichotomous (ever vs never exposed) or ordinal (categories of exposure). 16 A quantitative JEM (assigning levels of exposure) has also recently been developed for use in community-based studies, 17 18 although this may not be applicable to Australia. Further, a limitation of JEMs is that they typically allocate the same assessment to all workers with the same job title, 19 despite the fact that exposures may vary widely between workers. 20 Large-scale surveys covering the entire working population may therefore be necessary to gain a more complete view of the prevalence of occupational exposures. 21 A number of such surveys have been carried out in countries including the UK, 22 South Korea 23 and New Zealand, 9 as well as the ongoing European Working Conditions Survey which collects data from workers across Europe. 24 These surveys generally use similar methodology: interviewing workers from the general population about their work environment and collecting information about categories of exposure (eg, 'chemical substances', 'smoke/dust') rather than specific agents. In Australia, the National Hazard Exposure Worker Surveillance (NHEWS) survey was carried out in 2008. 25 NHEWS collected data from 4500 Australian workers and found that 39% were exposed to airborne hazards 26 and 37% to chemicals including detergents, organic solvents and disinfectants. 27 However, the survey targeted workers in predetermined priority industries, meaning that these results are not representative of exposures experienced by the general Australian working population.
In addition, the exposure assessments were based on selfreport to open-ended questions, and thus the extent to which the results reflect the true prevalence of exposure among those who took part is unknown. While workers can self-report tasks or activities that they commonly undertake with reasonable accuracy, the ability of participants to accurately self-report specific exposures varies with the agent of interest and, more importantly, there is likely to be bias due to rumination by subjects with the disease. 28 29 They may also be unaware of exposures, 30 and generally have no objective standard against which to judge their own exposures and working conditions. 28 31 A more objective method is expert assessment, whereby experts (typically occupational hygienists and physicians) make an assessment based on a review of an individual's job history in combination with the published literature, available exposure measurements, and their own experience and knowledge. 32 Expert assessment is thought to be the most accurate and credible exposure assessment method for large scale studies, 16 although the process has been described as a 'black box' whereby it can be difficult to determine how an exposure assessment has been arrived at. 32 This may be overcome by the use of an automated expert assessment system which makes the assessment process more transparent and consistent. Moreover, the automated assessment makes it possible to assess a wide range of occupational exposures in the general population in an efficient way. 32 The current study therefore used an automated expert assessment method (OccIDEAS) to gain a complete view of the current prevalence of exposure to carcinogens among Australian workers, focusing on those agents most relevant to Australian working conditions.
METHODS

Study population
The Australian Work Exposures Study (AWES) was a crosssectional telephone survey investigating the prevalence of current occupational exposure to 38 known or probable carcinogens among Australian workers (table 1). These carcinogens were prioritised according to three criteria: evidence of carcinogenicity (exposures classified as group 1 or 2A) according to IARC; use in occupational circumstances; and evidence of use in Australian industry. 33 Ethics approval for this study was obtained from the (redacted for review) human research ethics committee of the University of Western Australia.
The sample for this study was randomly selected from a list of approximately 6 million Australian households supplied by a commercial survey sampling firm. This list, comprising addresses and telephone numbers, was sourced from various public domain directories, including but not limited to telephone directories. Both landline and mobile phone numbers were included, and the sample was stratified to reflect the approximate distribution of the Australian workforce by state and territory, as reported by the Australian Bureau of Statistics (ABS) Labour Force Survey from March 2011.
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Within these households, all Australian residents aged between 18 and 65 and currently in paid employment were eligible to participate. Respondents with insufficient English speaking ability and those who were deaf or too ill to participate were excluded as ineligible. Both male and female workers were included; although as men have been found to be less likely to participate in scientific research than women, 35 a modified interview request was utilised in which men were asked for in six out of seven phone calls. That is, after introducing themselves, the interviewer asked to speak to the person of the specified gender who fit the eligibility criteria (ie, aged between 18 and 65 and currently working). In the case where there was more than one such person, the interviewer asked to speak to the one who had the next birthday.
A total of 19 896 households were telephoned during the course of this study (figure 1). No response was obtained after 10 different call attempts from 2452 households, while 10 485 households were designated ineligible and 1936 refused to participate. Interviews were conducted with 5023 respondents, resulting in a response fraction (completed interviews/eligible and unknown households) of 53% and a cooperation fraction (completed interviews/eligible households) of 72%.
Data collection
All data were collected by trained interviewers using computerassisted telephone interviews. Oral informed consent was provided by all respondents. Demographic information, including age, gender, postcode of residence, country of birth, year of arrival in Australia, language spoken at home and education level was collected. Socioeconomic status and remoteness were determined by applying the ABS Socio-Economic Indexes for Areas Index of Relative Socio-economic Disadvantage 36 and the Australian Standard Geographical Classification Accessibility/ Remoteness Index of Australia 37 to the respondent's postcode of residence.
Basic job information was collected to determine whether the respondent's current job corresponded to one of the 13 predetermined categories of jobs which were not exposed to any of the 38 carcinogens. These categories included retail workers, customer service workers, carers, correctional services workers, and psychologists and social workers, as well as those on home duties. The other categories comprised white collar professionals and clerical workers, provided they did not travel or drive as part of their work; takeaway restaurant staff who were not involved in cooking duties; house cleaners, as opposed to cleaners working in other settings, as these workers were considered unlikely to use harsh chemicals; and early childhood or childcare workers, primary school teachers, and high school teachers not involved in art, science or technical subjects, in contrast to teachers involved in these three subject areas. The 2532 respondents whose job fitted into one of these categories were classified as unexposed and the interview considered complete. For the remaining 2491 respondents, more information regarding their current job was obtained, including job title, main tasks carried out in the job, industry of employment, hours worked per week and weeks worked per year.
Based on this job information, interviewers assigned respondents to one of 57 job specific modules ( JSMs). Specific JSMs were completed by 2385 respondents. An appropriate JSM could not be determined for the remaining 106 respondents, and so a generic JSM was utilised in which open-ended questions were used to collect information about the respondent's day-to-day job tasks. All modules were delivered using OccIDEAS, a web-based tool which manages interviews and the exposure assessment process. 32 Each full interview took approximately 15 min.
Following the interviews, each of the jobs was coded according to the Australian and New Zealand Standard Classification of Occupations 38 and the International Standard Classification of Occupations 1968. 39 These codes were then categorised into 30 occupational groups, each of which were considered to contain occupations which were relatively homogeneous with regard to exposure to the 38 carcinogens investigated here (see online supplementary table 1). In deciding on these groups, reference was made to the job tasks outlined in the occupation definitions provided by the ABS, 38 and the likely exposures that may result from those tasks. For example, 'funeral workers' were grouped with scientists as their tasks include the preparation of bodies for viewing, which may involve exposure to chemicals such as formaldehyde, other embalming fluids and disinfectants, similar to exposures that may be encountered by medical and science technicians.
Exposure assessment
The JSMs contained questions about the current completion of job tasks likely to entail exposure to the priority carcinogens, as established with reference to: published literature; reference texts 40 41 ; various reports including IARC Monographs, 1 CAREX reports 12 and the National Toxicology Program's 12th Report on Carcinogens 42 ; material safety data sheets; and expert knowledge. All JSMs were developed by a team including occupational hygienists and epidemiologists. Modules were only developed for those jobs considered to involve possible exposure to the priority carcinogens and which were reasonably prevalent in Australia. 34 Each JSM included questions about the general working environment as well as specific tasks completed and, where appropriate, gathered information about the frequency of tasks, task method (eg, using a power sander vs sanding by hand), and any protective measures used (including ventilation, respiratory equipment, gloves, and other protective clothing). Questions focused on what respondents currently do in their job, asking, for example, 'Do you sand wood?' and 'What do you use to thin paints?'. Some task questions were used in more than one module; for example, welding questions appeared in 15 different JSMs including Construction and Mechanic. All questions were tailored to Australian industry and occupation conditions.
The generic JSM collected information about the tasks respondents commonly carry out in their jobs. These JSM answers were then reviewed by two occupational hygienists (DG, SP), who assigned exposures based on the tasks reported and their expert opinion. For all other JSMs, OccIDEAS was used to provide automatic assessments of the probability (either 'no', 'possible' or 'probable') of exposure to each of the 38 carcinogens. Automatic assessments were based on predetermined rules developed on the basis of expert opinion and scientific literature, including, where relevant, exposure measurements. The rules were attached to and triggered by specific answers within the JSM. As an example of a simple rule, if someone answered that they frequently drove along major metropolitan roads, they would be assessed as being exposed to diesel engine exhaust. All automatic assessments were reviewed by project staff and changes to rules were made where appropriate. Any such changes were then applied to all assessments using that rule.
Statistical analysis
Statistical analyses were conducted using Stata V.12.
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Prevalence of exposure was defined as the proportion of respondents assessed as being exposed to at least one of the priority carcinogens in their current job, regardless of frequency, duration or level of exposure. A dichotomous measure of exposed or not exposed was used. ORs and 95% CIs were estimated using logistic regression in order to explore which demographic variables were associated with exposure. Both unadjusted and adjusted models were estimated, with occupational group and all other included variables adjusted for in the latter analysis. These assessments were then extrapolated with reference to the ABS Labour Force Survey 34 to provide an estimate of how many workers in Australia are likely to be exposed to each of the priority carcinogens. Extrapolations were conducted separately by occupational group and were stratified by gender in order to account for potential exposure differences.
RESULTS
Of the 5023 completed interviews, 30 had missing job history information and were excluded from analysis. The demographic distribution of the remaining 4993 respondents (2766 male, 2227 female) was compared with the distribution in the Australian working population (aged 18 to 65) using Census 2011 data (see online supplementary table 2). 44 Respondents were similar to the general population in terms of gender, education level, socioeconomic status and remoteness, as well as state of residence. However, respondents were significantly older, more likely to have been born in Australia, and less likely to speak a language other than English at home than the general population. The latter result was expected as it was a requirement of this study that respondents could speak sufficient English to complete the survey.
A total of 1879 respondents (37.6%) were assessed as being probably exposed to at least one of the priority carcinogens. Including possible exposures altered this proportion only slightly (n=1912, 38.3%); the following analyses were restricted to probable exposures only. Possible exposures are outlined in online supplementary table 3.
After controlling for occupation, respondents assessed as being probably exposed to at least one carcinogen were more likely to be male, to have completed a trade certificate and to reside in regional areas than were unexposed workers (table 2). No differences were found in terms of country of birth or language most commonly spoken at home.
Significant differences in exposure prevalence were also found by occupational group. Among men, farmers, heavy vehicle drivers and miners were most likely to be exposed to at least one carcinogen (see online supplementary table 4), while among women, farmers, drivers and transport workers were most likely to be exposed (see online supplementary table 5). Extrapolation of these figures to the Australian working population revealed that approximately 2 727 000 men (58.0%; 95% CI 56.2 to 59.9) and 877 100 women (20.6%; 95% CI 18.9 to 22.3), or 3 604 100 workers overall (40.3%; 95% CI 38.9 to 41.6), could be expected to be exposed to at least one of the priority carcinogens.
The most frequent exposure was solar radiation, with 37.0% of the Australian male working population and 7.9% of the female working population exposed (see tables 3 and 4). Diesel engine exhaust and environmental tobacco smoke were also common exposures, with over a million working men estimated to be exposed to each. In addition, more than 10% of the male working population was exposed to each of benzene, lead and silica. Many of the other occupational carcinogens had small numbers of exposed workers in our dataset (as indicated by the wide CIs) and so the extrapolations should be regarded with caution.
DISCUSSION
This study examined the current prevalence of exposure to occupational carcinogens among Australian workers. Overall, 37% of respondents were assessed as being exposed to at least one carcinogen, with exposures being more common among male workers, those who had completed a trade certificate and those residing in regional areas, after adjusting for occupation. These results are similar to those found in the NHEWS survey, where male workers were more likely to report being exposed to chemicals 27 and airborne hazards, 26 as well as the European Working Conditions Survey, where men were more likely to be exposed to 11 of the 13 physical risks studied. 24 On extrapolation to the Australian working population, 3.6 million workers were estimated as being occupationally exposed to carcinogens. This represents approximately 40% of the Australian workforce. Exposures were not distributed evenly across occupational groups, with some groups having a much higher probability of exposure than others. For example, all of the heavy vehicle drivers and miners were estimated to be exposed, with the most frequent exposures being to diesel engine exhaust and silica, respectively, while among other groups, such as cleaners and food factory workers, much smaller proportions of workers were exposed. Exposures were not limited to those occupations traditionally thought to be at high risk, but were seen across all groups, including those generally considered to be unexposed. For example, 9% of office workers were estimated to be exposed to occupational carcinogens, with the most frequent exposure being diesel engine exhaust. Therefore it appears that even within jobs conventionally thought to be at low or no risk of exposure, workers may still perform tasks which entail some potential exposure, such as driving or visiting construction sites. Solar radiation was the most frequent exposure overall, with over 2 million workers, or 23%, exposed to significant solar radiation. This is somewhat lower than the estimate of sun exposure found in NHEWS (34%). 25 While it could be argued that this reflects an actual decrease in exposure over time, it is more likely a result of the differing exposure assessment methods used. In the NHEWS survey, respondents were asked directly about their exposure to predetermined categories of agents, 27 including 'direct sunlight', whereas in the current study, task-based questions were used to determine exposure. This latter method can be argued to provide for more sensitive and specific estimates of prevalence, as it captures exposures that workers may be unaware of or unable to report while disregarding innocuous and noncarcinogenic exposures. 45 It is however still possible that some exposures may have been missed by virtue of them not being included in the JSMs or rules, although every effort was made to preclude this possibility.
There are limitations to the approach used in this study, as exposure assessments were still based on self-report of tasks and may be subject to recall bias or social desirability constraints. 46 However, given that respondents were only required to answer questions regarding their current job tasks, it is unlikely that these biases would have had a substantial effect on the data obtained. Whereas retrospective exposure assessment may be limited by the respondents' memory, job-specific questions have been shown to provide accurate information with regard to exposures in the current job. 45 Another possible limitation of this study is the inclusion of only 38 carcinogens, which may have led to the exclusion of people exposed to carcinogens which were not on the list. The impact of this on the overall prevalence estimate obtained is however expected to be relatively minor, as the priority list included the common established carcinogens and anyone exposed to any of the less common carcinogens may well be exposed to one of the priority carcinogens, and therefore already have been taken account of in the estimate. We systematically identified the occupational carcinogens identified by IARC which were most likely to be present in Australia and found very low prevalences for some carcinogens, which suggests that we erred on the side of inclusivity.
The lower proportion of younger and migrant workers in the sample compared to the general population, and the resultant potential under-representation of particular occupations and industries, is another limitation of this study. This may have led to an underestimation of the prevalence of exposure. In addition, there is a potential bias arising from the relatively high number of refusals, non-responders and those with limited English language skills; however, the impact of this bias is unknown as we do not have any further information about nonparticipants. Further, the use of a cross-sectional study design, while providing for an accurate picture of current exposures, means that it is not possible to determine whether the exposures found here are likely to be enduring or only transitory.
CONCLUSION
Overall, this study represents an important addition to the scientific literature, providing comprehensive information regarding exposure to occupational carcinogens in a developed economy (Australia) which has not previously been available. As well as providing information on how many workers are likely to be exposed to carcinogens in the course of their work, the current study allows for an examination of the characteristics of exposed workers, finding exposures to be more common among male workers and those from regional areas. This may contribute to the health inequalities known to exist in the Australian population. 47 Future research will use these data to estimate the lifetime risk of cancer likely to result from current occupational exposures and to investigate the theoretical impact on this risk of alternative exposure scenarios, such as closing certain industries or increasing the use of personal protective equipment. This will enable an assessment of how we might best intervene to reduce exposures and the subsequent risk of occupational cancer. The use of a population-based approach and consequent ability to capture exposures across a wide range of occupations, industries and demographic groups were particular strengths of this study, allowing for the investigation of exposures in all occupational groups, including those which have not traditionally been associated with carcinogenic exposures.
